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A b s t r a c t  

An u n u s u a l l y  low f requency  o s c i l l a t i o n  i n  t h e  
f low o v e r  an a i r f o i l  was e x p l o r e d  e x p e r i m e n t a l l y .  a 

Wind tunne l  measurements were c a r r i e d  o u t  H i t h  a 
two-dimensional  a i r f o i l  model a t  a chord  Reynolds 
number o f  l o5 .  D u r i n g  deep s t a l l ,  a t  a > 16O, 
t h e  usua l  " b l u f f - b o d y  shedd ing"  o c c u r r e d  a t  a 
S t rouha l  number, St,  = 0 .2 .  Bu t  a t  t h e  o n s e t  of 
s t a l l  around a = 15". a low f requency  p e r i o d i c  
o s c i l l a t i o n  occu r red ,  t h e  co r respond ing  S t s  
b e i n g  an o r d e r  o f  magnitude l o w e r .  The phenomenon 
t o o k  p l a c e  i n  r e l a t i v e l y  "unc lean"  f low when t h e  

N f r e e s t r e a m  t u r b u l e n c e  was r a i s e d  t o  0 . 4  p e r c e n t ,  
b u t  d i d  n o t  i n  t h e  c l e a n e r  f l o w  w i t h  t u r b u l e n c e  

duced by  c e r t a i n  h i g h  f requency  a c o u s t i c  e x c i t a -  
t i o n .  
between a case of low f requency  o s c i l l a t i o n  a t  
a = 15O and a case of b l u f f - b o d y  shedd ing  a t  
a = 22.5O. The o r i g i n  o f  t h e  low f requency  o s c i l -  
l a t i o n  t r a c e s  t o  t h e  upper s u r f a c e  o f  t h e  a i r f o i l  
and i s  seeming ly  a s s o c i a t e d  w i t h  t h e  p e r i o d i c  for- 
ma t ion  and breakdown o f  a l a r g e  s e p a r a t i o n  bubb le .  
The i n t e n s e  f low f l u c t u a t i o n s  i m p a r t  s i g n i f i c a n t  
uns teady  f o r c e s  t o  t h e  a i r f o i l  b u t  d i m i n i s h  rap-  
i d l y  w i t h i n  a d i s t a n c e  o f  one cho rd  from t h e  t r a i l -  
i n g  edge. A t  t h e  l a t t e r  downstream l o c a t i o n ,  t h e  
p e r i o d i c  c o n c e n t r a t i o n  o f  t h e  spanwise component 
o f  v o r t i c i t y  i s  f ound  t o  be much lower  i n  t h e  low 
f requency  case than  t h a t  i n  t h e  b l u f f  body shed- 
d i n g  case. 

N m 
m 
W 
I i n t e n s i t y  o f  0.1 p e r c e n t .  I t  c o u l d  a l s o  be pro-  

D e t a i l s  o f  t h e  f low f i e l d  a r e  compared 

Nomenclature 

C a i  r f o i  1 cho rd  

a c o u s t i c  e x c i t a t i o n  f requency  
f P 
f s shedd ing  f requency  

R C  cho rd  Reynolds number, U,C/V 

S tp  fpc/Urn 

St ,  f s c  s i n  alum 

u ' f  fundamental  r . m . s .  v e l o c i t y  f l u c t u a t i o n  a t  

u ' ( f )  one-d imens iona l ,  l o n g i t u d i n a l  v e l o c i t y  

uIrn f rees t ream,  r .m.s . ,  l o n g i t u d i n a l  v e l o c i t y  

Urn f r e e s t r e a m  mean v e l o c i t y  

a ang le  o f  a t t a c k  

f requency  f, 

s p e c t r a  

f l u c t u a t i o n  

V k i n e m a t i c  v i s c o s i t y  

1 .  I n t r o d u c t i o n  

The low f requency  o s c i l l a t i o n  o f  f low o v e r  an 
a i r f o i l ,  s t u d i e d  i n  t h i s  paper ,  was observed ea r -  
l i e r  a t  NASA Lang ley  by Zaman e t  a 1 . l  T h i s  obser -  
v a t i o n  was based on v e l o c i t y  s p e c t r a  measurements 
i n  t h e  a i r f o i l  wake, around s t a t i c  s t a l l  cond i -  
t i o n .  The s p e c t r a  e x h i b i t e d  a sharp  s p i k e  a t  an 
u n u s u a l l y  low f requency  which v a r i e d  c o n t i n u o u s l y  
w i t h  the  f r e e s t r e a m  speed. The f requency  was low 
w i t h  a co r respond ing  S t r o u h a l  number (St,) o f  o n l y  
about  0.02, as compared t o  o r d e r ( s )  of magnitude 
h i g h e r  va lues  observed p r e v i o u s l y  i n  cases i n v o l v -  
i n g  b lu f f -body  shedding,2 t r a i l i n g  edge no ise ,3  
e t c .  
o b t a i n  a b e t t e r  unders tand ing  o f  t h e  phenomenon. 

However, t h e  phenomenon c o u l d  n o t  be r e p r o -  
duced i n  t h e  i n i t i a l  a t t e m p t  i n  a r e l a t i v e l y  
c leaner  wind tunne l  a t  NASA Lewis .  L a t e r  on, i t  
c o u l d  be when e i t h e r  t h e  tunne l  f r e e s t r e a m  t u r b u -  
lence was r a i s e d  a r t i f i c i a l l y  or t h e  f low was 
e x c i t e d  a c o u s t i c a l l y  a t  some h i g h  f requenc ies .  
The p resen t  paper d e s c r i b e s  e s s e n t i a l  d a t a  i l l u s -  
t r a t i n g  these e f f e c t s  t o g e t h e r  w i t h  some d e t a i l s  
o f  t he  uns teady  f low f i e l d  a s s o c i a t e d  w i t h  t h e  low 
f requency  o s c i l l a t i o n .  A s  t h i s  i s  e s s e n t i a l l y  a 
s t a t u s  r e p o r t ,  d i s c u s s i o n s  on t h e  s i g n i f i c a n c e  o f  
t h e  r e s u l t s  i s  d e f e r r e d  t o  t h e  end o f  t h e  paper .  
I n  s e c t i o n  4 .  t h e  i n f e r e n c e s  made so f a r  a r e  f i r s t  
summarized. Th is  i s  f o l l o w e d  by a b r i e f  l i t e r a -  
t u r e  r e v i e w  i n c l u d i n g  r e c e n t  o b s e r v a t i o n s  i n  t h e  
c y l i n d e r  wake. 
t i o n  o f  t h e  phenomenon to  s t a l l  f l u t t e r .  a p a r a l -  
l e l  computa t iona l  s tudy  on a i r f o i l s  encoun te r ing  
s i m i l a r  low f requency  f low o s c i l l a t i o n ,  and our 
f u t u r e  p l a n s .  

The p resen t  exper iment  was an a t t e m p t  t o  

Also d i scussed  a r e  p o s s i b l e  connec- 

2 .  Exper imenta l  F a c i l i t y  

The exper iments  were c a r r i e d  o u t  i n  a low 
speed wind tunne l  hav ing  a t e s t  s e c t i o n  w i t h  76 by  
51 cm c ross  s e c t i o n .  The f low e n t e r e d  th rough  a 
1 6 : l  c o n t r a c t i o n  s e c t i o n  w i t h  f i v e  screens, passed 
th rough  t h e  t e s t  s e c t i o n  and was t h e n  exhausted  b y  
an a x i a l  f a n .  The f r e e s t r e a m  t u r b u l e n c e  i n t e n s i t y  
was l e s s  than 0.1 pe rcen t ,  b u t  c o u l d  be i nc reased  
by  i n s t a l l i n g  t u r b u l e n c e  g e n e r a t i n g  screens 37 cm 
upstream from t h e  a i r f o i l  suppor t .  The two- 
d imens iona l  a i r f o i l  model, w i t h  12.7 cm chord ,  was 
o f  t h e  same c r o s s - s e c t i o n a l  shape as i n  t h e  Lang ley  
exper iment  (LRN(1)-1007); however, t h e  aspec t  r a t i o  
was 6 : l  as opposed to  3 : l  a t  Lang ley .  I t  was sup- 
p o r t e d  r i g i d l y ,  on t h e  two ends, b o t h  i n  t o r s i o n  
and l a t e r a l  movements. However, whenever t h e  low 
f requency  shedding occu r red ,  t h e  a i r f o i l  v i b r a t e d  
p e r c e p t i b l y ,  a t  t h e  same f requency ,  t h e  midspan 
s e c t i o n  g o i n g  th rough  a d i sp lacemen t  o f  about  1 mm. 
L i f t  and d rag  c o u l d  be measured by l oosen ing  t h e  
a i r f o i l  mount on t o  a ba lance mechanism. There was 
p r o v i s i o n  for a c o u s t i c  e x c i t a t i o n  th rough  a l o u d  
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speaker mounted on t h e  c e i l i n g  o f  t h e  t e s t  s e c t i o n .  
V e l o c i t y  measurements were made by s tandard  h o t -  
w i r e  anemometry. 

m a t i c  o f  probe arrangement ,  used for  c o n d i t i o n a l  
sampl ing measurements, t o  be e l a b o r a t e d  l a t e r ,  i s  
shown i n  F i g .  1 .  The X-wi re probe c o u l d  be t r a v -  
e rsed  i n  the  s t reamwise d i r e c t i o n  ( x )  t h rough  a 
l o n g i t u d i n a l  s l o t  on t h e  f l oo r  o f  t h e  t e s t  sec- 
t i o n .  For a g i v e n  x ,  t h e  e n t i r e  s lo t  was sealed;  
i n  t h i s  p o s i t i o n ,  t h e  probe c o u l d  be moved up and 
down ( i n  y )  t h rough  automated computer c o n t r o l  
w i t h o u t  d i s t u r b i n g  t h e  s e a l .  The c o - o r d i n a t e  o r i -  
g i n  i s  a t  t h e  a i r f o i l  s u p p o r t  a t  one q u a r t e r  cho rd  
from t h e  l e a d i n g  edge; z = 0 corresponds t o  t h e  
m i  dspan. 

Most da ta  r e p o r t e d  a r e  f o r  R c  = l o 5 .  A sche- 

3. R e s u l t s  

F i g u r e  2 shows u ’ - s p e c t r a  measured w i t h  a 
f i x e d  s i n g l e  h o t - w i r e  about  one cho rd  downstream 
o f  t h e  a i r f o i l  t r a i l i n g  edge. The f r e e s t r e a m  t u r -  
bu lence was r a i s e d  t o  about  0 .4  p e r c e n t  for  these 
d a t a .  The s p e c t r a  t r a c e s  a r e  s taggered  and a r e  
f o r  d i f f e r e n t  a as i n d i c a t e d .  A t  a = 18O and 
Z O O ,  t h e  s p e c t r a l  peaks a t  t h e  r e l a t i v e l y  h i g h e r  
f r e q u e n c i e s  r e p r e s e n t  t h e  b l u f f - b o d y  shedding and 
correspond to  St,  = 0 . 2 .  A t  l ower  ang les  o f  
a t t a c k ,  t h e  f low i s  a t t a c h e d  and no  s p e c t r a l  peaks 
occu r  i n  t h e  f requency  range covered.  ( A t  c e r t a i n  
sma l l  ang les ,  however, t h e r e  were h i g h e r  f requency  
s p e c t r a l  peaks, a p p a r e n t l y  s c a l i n g  on t h e  a i r f o i l  
t h i c k n e s s ;  t h i s  aspec t  w i l l  n o t  be pursued h e r e . )  
Around a = 15O, a s p e c t r a l  peak a t  7 . 5  Hz occu rs  
unambiguously. T h i s  corresponds t o  S t ,  = 0.02, a 
v a l u e  found  t o  remain a p p r o x i m a t e l y  c o n s t a n t  a t  a 
few o t h e r  speeds and a g r e e i n g  w i t h  p r e v i o u s  d a t a  
a t  Lang ley .  

As i n d i c a t e d  b e f o r e ,  t h e  occu r rence  o f  t h e  
low f requency  o s c i l l a t i o n  had been i l l u s i v e  and 
p u z z l i n g .  
t i a l  a t t e m p t .  T h i s  can be a p p r e c i a t e d  from F i g .  3 .  
Spec t ra  t r a c e s  s i m i l a r  t o  ( a )  were o b t a i n e d  a t  
f i rst i n  which t h e  sha rp  low f requency  peak was 
absen t .  On ly  when t h e  f r e e s t r e a m  t u r b u l e n c e  was 
inc reased  by t h e  a d d i t i o n  o f  a 30 mesh screen,  d i d  
i t  r e s u l t  i n  t h e  s p e c t r a l  s p i k e  as i n  t r a c e  ( c ) .  
Trace ( b )  shows t h a t  a h i g h  f requency  a c o u s t i c  
e x c i t a t i o n ,  o f  t h e  o t h e r w i s e  same flow as i n  ( a ) ,  
a l s o  produced t h e  low f requency  o s c i l l a t i o n .  How- 
eve r ,  t h e  a c o u s t i c  e x c i t a t i o n  a t  even h i g h e r  f r e -  
quencies had an o p p o s i t e  e f f e c t  o f  e l i m i n a t i n g  t h e  
low f requency  peak o t h e r w i s e  o c c u r r i n g  n a t u r a l l y  
i n  case ( c ) .  

i n  F i g .  4. The fundamental r m s  v e l o c i t y  f l u c t u a -  
t i o n  a t  t h e  o s c i l l a t i o n  f requency  (7 .5  Hz) i s  shown 
as a f u n c t i o n  o f  t h e  e x c i t a t i o n  S t r o u h a l  number, 
S t p .  
measured by a f l u s h  mounted microphone on t h e  c e i l -  
i n g  was h e l d  c o n s t a n t  a t  104 dB ( r e ,  0.00002 N / m 2 ) .  
The two s e t s  o f  d a t a  were o b t a i n e d  s u c c e s s i v e l y ,  
keep ing  a l l  c o n d i t i o n s  unchanged excep t  for t h e  
i n s e r t i o n  o f  t h e  30 mesh screen.  There i s  no 
e f f e c t  i n  e i t h e r  case a t  low S t p .  B u t  i n  t h e  
Stpyrange o f  20 t o  25, t h e  e x c i t a t i o n  enhances t h e  
p e r i o d i c i t y  i n  t h e  no-screen case.  
t a t i o n  i n  a fp 
o s c i l l a t i o n  a t  7 .5 Hz. A t  even h i g h e r  t h e  
broadband energy a t  7 .5 Hz i s  d im in i shed f ’  I n  t h e  
f low w i t h  t h e  screen,  t h e  n a t u r a l l y  o c c u r r i n g  

I t  c o u l d  n o t  be reproduced i n  t h e  i n i -  

The a c o u s t i c  e x c i t a t i o n  e f f e c t  i s  i l l u s t r a t e d  

For each d a t a  p o i n t  t h e  sound p r e s s u r e  l e v e l  

Note t h a t  e x c i -  
range o f  2 t o  2 . 5  kHz y i e l d s  an 

s p e c t r a l  peak a t  7.5 Hz remains u n a f f e c t e d  up t o  
25,  b u t  e x c i t a t i o n  a t  h i g h e r  StP e l i m i -  

::!e: t h e  peak. E x c i t a t i o n  e f f e c t  s i m i l a r  t o  t h e  
l a t t e r  was a l s o  observed i n  t h e  Langley e x p e r i -  
ment. ’  Note t h a t  no  screens were used i n  t h e  
Langley exper iment  b u t  t h e  n a t u r a l  f r e e s t r e a m  t u r -  
bu lence  was h i g h e r ,  about  0 .25  p e r c e n t .  

The observed e f f e c t s  o f  t h e  f r e e s t r e a m  t u r b u -  
l ence  and t h e  a c o u s t i c  e x c i t a t i o n  on t h e  low f r e -  
quency o s c i l l a t i o n  have remained u n r e s o l v e d .  
A t tempts  t o  un rave l  these e f f e c t s  d i d  n o t  seem p ro -  
s p e c t i v e  a t  t h i s  t i m e .  I t  was f e l t  t h a t  a b e t t e r  
unders tand ing  o f  t h e  a s s o c i a t e d  unsteady f low f i e l d  
was needed t o  proceed f u r t h e r .  Thus, an e f f o r t  was 
made t o  o b t a i n  f low f i e l d  d a t a  f o r  a t y p i c a l  case 
o f  t h e  low f requency  shedding.  Fo r  compar ison,  
a l s o  o b t a i n e d  were co r respond ing  d a t a  for  a t y p i -  
c a l  b l u f f - b o d y  shedding case.  I n  t h e  f o l l o w i n g ,  
compara t i ve  d a t a  a r e  p resen ted  f o r :  ( 1 )  a = 15O 
y i e l d i n g  a 7.5 Hz shedding and ( 2 )  a = 22.5O 
y i e l d i n g  a 49 Hz shedding.  Case ( 1 )  i s  e l a b o r a t e d  
more as a p p r o p r i a t e .  I n  b o t h  cases,  t h e  f low was 
w i t h o u t  any a c o u s t i c  e x c i t a t i o n ,  b u t  t h e  screen 
was used t o  r a i s e  t h e  f r e e s t r e a m  t u r b u l e n c e  t o  
0 .4  p e r c e n t ;  t h e  cho rd  Reynolds number was l o 5 .  

F i g u r e  5(a)  shows t h e  fundamenta l  r m s  v e l o c i -  
t y  f l u c t u a t i o n  amp l i t udes  a t  t h e  r e s p e c t i v e  f r e -  
quencies f o r  t h e  two cases as a f u n c t i o n  o f  
s t reamwise d i s t a n c e .  These measurements were made 
a l o n g  t h e  midspan ( z  = 0 )  a t  a c o n s t a n t  h e i g h t  
s l i g h t l y  above t h e  a i r f o i l  upper  s u r f a c e  ( y l c  = 
0 . 1 ) .  I t  i s  c l e a r  t h a t  t h e  low f requency  o s c i l l a -  
t i o n  has v e r y  l a r g e  a m p l i t u d e s  b u t  i t  decays 
r a p i d l y  w i t h  x .  Note t h a t  t h e  r e g i o n  o f  l a r g e  
f l u c t u a t i o n  i s  between 0 . 2 5  and 0 .5  c from t h e  
l e a d i n g  edge. The f low f l u c t u a t i o n s  e x e r t  l a r g e  
unsteady f o r c e s  on t h e  a i r f o i l .  I n  f a c t ,  t h e  a i r -  
f o i l  s t a r t e d  f l u t t e r i n g  as soon as i t  was loosened 
from i t s  r i g i d  mount. Fo r  t h e  b l u f f - b o d y  shedding 
case, t h e  amp l i t ude  o f  t h e  s p e c t r a l  peak i s  sma l l  
s h o r t l y  downstream o f  t h e  t r a i l i n g  edge; o v e r  t h e  
a i r f o i l  t h e  peak was n o t  v i s i b l e  i n  t h e  s p e c t r a .  

F i g u r e  5(b) shows t h e  a x i a l  v a r i a t i o n  o f  t h e  
phase co r respond ing  t o  t h e  d a t a  o f  F i g .  5 ( a ) .  The 
s lopes  o f  these phase cu rves ,  measured i n  t h e  range 
x / c  > 2 ,  y i e l d e d  wavelengths o f  8 . 6  and 1.8 c for  
t h e  low and t h e  h i g h  f requency  cases,  r e s p e c t i v e l y ;  
t h e  co r respond ing  phase v e l o c i t i e s  t u r n e d  o u t  t o  
be 0.7 Urn and 0.94 Urn, r e s p e c t i v e l y .  The phase 
speed r e s u l t  i s  p r o o f  t h a t  t h e  low f requency  o s c i l -  
l a t i o n  i s  hydrodynamic i n  n a t u r e  and n o t  due to ,  
say, a s t a n d i n g  a c o u s t i c  wave. 

The t r a n s v e r s e  v a r i a t i o n  o f  t h e  fundamenta l  
amp l i t ude  and phase, one cho rd  downstream from t h e  
t r a i l i n g  edge, a t  midspan, a r e  shown i n  F i g s .  6(a)  
and ( b ) .  The a m p l i t u d e  f o r  t h e  low f requency  case 
i s  smal l  a l l  ac ross  t h e  wake a t  t h i s  s t a t i o n .  The 
a m p l i t u d e  due t o  t h e  b l u f f - b o d y  shedding i s  l a r g e r  
e s p e c i a l l y  on t h e  l ower  s i d e  o f  t h e  a i r f o i l  ( a t  
n e g a t i v e  y ) .  The co r respond ing  v a r i a t i o n s  f o r  
t h e  a = 15O case o n l y ,  measured o v e r  and below 
t h e  a i r f o i l  a t  40 p e r c e n t  cho rd  l o c a t i o n  from t h e  
l e a d i n g  edge, a r e  shown i n  F i g .  7 .  The a = 15O 
case d a t a  from F i g .  6 a r e  repea ted  f o r  easy compar- 
i s o n .  The gaps i n  t h e  dashed curves ( F i g .  7 )  rep-  
r e s e n t  r e g i o n s  t h a t  c o u l d  n o t  be accessed by t h e  
h o t - w i r e  mounted on a h o r i z o n t a l  s u p p o r t .  

Fo r  t h e  a = 15O case, t h e  amp l i t ude  i s  much 
more i n t e n s e  o v e r  t h e  upper  s u r f a c e  o f  t h e  a i r f o i l  

2 



( F i g .  7 (a ) ) .  The peak o c c u r s  abou t  8 .3  mm from 
t h e  a i r f o i l  s u r f a c e  where t h e  l o c a l  mean v e l o c i t y  
i s  about  90 p e r c e n t  o f  t h e  f rees t ream v e l o c i t y .  
Cor respond ing  mean v e l o c i t y  p r o f i l e ,  d e s p i t e  t h e  
ho t -w i re  r e c t i f i c a t i o n ,  p r o v i d e d  an i n d i c a t i o n  t h a t  
t h e  s e p a r a t i o n  bubb le  a t  t h i s  l o c a t i o n  ex tended 
about 6 mm f r o m  t h e  s u r f a c e  on a t i m e  average 
b a s i s .  Note t h a t  on t h e  lower  s i d e  o f  t h e  a i r f o i l  
t h e  amp l i t ude  i s  s m a l l .  F i g u r e  7 (a )  t o g e t h e r  w i t h  
F i g .  5 (a)  s t r o n g l y  i n d i c a t e  t h a t  t h e  o r i g i n  o f  t h e  
low f requency  o s c i l l a t i o n  i s  on t h e  upper su r face ,  
near the  l e a d i n g  edge, most l i k e l y  due t o  t h e  p e r i -  
o d i c  b u r s t i n g  o f  a s e p a r a t i o n  bubb le .  

Represen ta t i ve  f l o w  v i s u a l i z a t i o n  p i c t u r e s  
f o r  t h e  low f requency  o s c i l l a t i o n  case, o b t a i n e d  
w i t h  a h o r i z o n t a l  smoke w i r e  p laced  about  5 cm 
upstream from t h e  a i r f o i l  l e a d i n g  edge, a r e  shown 
i n  F i g s .  8 and 9 .  These p i c t u r e s  a r e  from movie 
sequences, b u t  a r e  fo r  a lower  f r e e s t r e a m  v e l o c i t y  
( R c  = 7 . 5 ~ 1 0 4 )  y i e l d i n g  a f low o s c i l l a t i o n  a t  
5.5 Hz. M o t i o n  p i c t u r e s  were a l s o  o b t a i n e d  fo r  
Rc = l o 5  b u t  t h e  c o n t r a s t  and t h e  q u a l i t y  o f  t h e  
p i c t u r e s  t u r n e d  o u t  t o  be much b e t t e r  a t  t h e  lower  
R c .  From c l o s e  o b s e r v a t i o n  of t h e  movies,  t h e  gen- 
e r a l  f e a t u r e s  o f  t h e  f l o w  p a t t e r n s  a t  t h e  two 
Reynolds numbers were found  t o  be t h e  same. 

Each movie sequence cap tu red  about  one h a l f  
o f  a second o f  smoke s t r e a k s  from t h e  smoke w i r e ,  
and thus  was expec ted  t o  c o n t a i n  two or t h r e e  p e r i -  
ods o f  t h e  low f requency  o s c i l l a t i o n .  However, 
t h e  phenomenon was n o t  s t r i c t l y  p e r i o d i c  and t h e  
" i r r e g u l a r i t i e s "  and "d rop  o u t s "  rendered  t h e  v i s u -  
a l i z a t i o n  exper iment  v e r y  d i f f i c u l t .  The follow- 
i n g  i n fe rences  a r e  based on i n s p e c t i o n  o f  about  a 
dozen s i m i l a r  movie sequences. 

about  90 m s .  T h i s  cor responds t o  a phase d i f f e r -  
ence o f  about  180O. The t o p  p i c t u r e  shows a r e l a -  
t i v e l y  more a t t a c h e d  flow on t h e  upper su r face ,  
w h i l e  t h e  f o r m a t i o n  o f  a l a r g e  s e p a r a t i o n  bubb le  
i s  apparent  i n  t h e  lower  p i c t u r e .  A p e r i o d i c  up 
and down " f l a p p i n g "  mo t ion  o f  t h e  l a y e r  of smoke 
s t r e a k s  on t h e  a i r f o i l  upper s u r f a c e  was t h e  most 
r e a d i l y  and e a s i l y  d i s c e r n i b l e  f low c h a r a c t e r i s t i c  
i n  t h e  movies.  As f a r  as c o u l d  be de termined,  
t h i s  mo t ion  was a p p r o x i m a t e l y  two-dimensional  or 
un i fo rm i n  t h e  spanwise d i r e c t i o n ,  excep t  for  a 
smal l  r e g i o n  near  t h e  tunne l  w a l l .  

F i g u r e  9 shows a c l o s e r  v iew o f  t h e  smoke 
s t r e a k s  on t h e  upper s u r f a c e  b u t  a t  t h e  same t i m e  
c o v e r i n g  t h e  f low f i e l d  somewhat f a r t h e r  down- 
stream. The t i m e  d i f f e r e n c e s ,  r e l a t i v e  t o  t h e  
i n s t a n t  o f  t h e  t o p  p i c t u r e ,  a r e  i n d i c a t e d ;  n o t e  
t h a t  t h e  t imes  a r e  n o t  e q u a l l y  spaced. 
u a l  b u i l d  up and t h e  subsequent c o l l a p s e  o f  t h e  
s e p a r a t i o n  bubb le  can be e a s i l y  observed.  Another  
f e a t u r e  which became apparent  from t h i s  camera 
ang le  i s  t h e  f o r m a t i o n  o f  a l a r g e  "co rk -sc rew- l i ke ' '  
s t r u c t u r e  downstream o f  t h e  a i r f o i l .  Th i s  s t r u c -  
t u r e ,  v i s i b l e  i n  the  p i c t u r e s  for  90 and 100 ms 
(marked by a r r o w s ) ,  a p p a r e n t l y  forms s h o r t l y  a f t e r  
t h e  s e p a r a t i o n  bubb le  reaches i t s  l a r g e s t  s i z e  and 
s t a r t s  t o  c o l l a p s e .  V iewing  from downstream, t h i s  
s t r u c t u r e  has a c lockw ise  r o t a t i o n ,  and appears 
s i m i l a r  t o  a " t r a i l i n g  v o r t e x "  (see ,  e .g . ,  p .  51 
of Ref. 4 ) .  I t  i s  n o t  known a t  t h i s  p o i n t  whether 
t h e r e  i s  a c o u n t e r p a r t  v o r t e x  on t h e  o t h e r  end o f  
t h e  a i r f o i l  and i f  i t  p l a y s  a r o l e  i n  s u s t a i n i n g  
t h e  low f requency  o s c i l l a t i o n .  

The two p i c t u r e s  i n  F i g .  8 a r e  separa ted  by 

The grad- 

C o n d i t i o n a l l y  averaged d a t a  a r e  p resen ted  i n  
t h e  f o l l o w i n g  f o r  t h e  two f l o w s  o f  F i g s .  5 and 6.  
Bu t  f i r s t ,  t h e  n a t u r e  o f  t h e  two b a s i c  wakes on a 
t ime  average b a s i s  a r e  f u r t h e r  documented i n  F i g s .  
10(a) t o  ( c ) .  The mean v e l o c i t y  and t h e  l o n g i t u d i -  
n a l  and t r a n s v e r s e  t u r b u l e n c e  i n t e n s i t y  p r o f i l e s ,  
measured a t  x / c  = 1.75, a r e  shown. The w ide r  and 
deeper wake for  the  a = 2 2 . 5 O  case ( F i g .  10 (a ) )  
r e p r e s e n t s  a h i g h e r  d rag ,  as expec ted .  The t u r b u -  
l ence  i n t e n s i t i e s  a r e  a l s o  h i g h e r  for  t h e  2 2 . 5 O  
case; i n  b o t h  cases t h e  v ' - l e v e l s  a r e  found  t o  be 
somewhat h i g h e r  than t h e  co r respond ing  u ' - l e v e l s .  

The c o n d i t i o n a l  ave rag ing  measurements were 
c a r r i e d  o u t  w i t h  t h e  h e l p  o f  an X-wire and r e f e r  
ence probes  as shown i n  F i g .  1 .  Probes 1 and 2 
p r o v i d e d  a p p r o p r i a t e  r e f e r e n c e  s i g n a l s .  T h e i r  
l o c a t i o n s  a r e  shown a p p r o x i m a t e l y  t o  s c a l e  and 
were chosen t o  c a p t u r e  t h e  v e l o c i t y  f l u c t u a t i o n s  
a t  t h e i r  s t r o n g e s t  amp l i t udes .  Sample r e f e r e n c e  
s i g n a l s  fo r  t h e  low f requency  case (p robe 1 )  and 
t h e  h i g h  f requency  case (p robe 2 )  a r e  shown i n  
F i g .  1 ;  t hese  have been bandpass f i l t e r e d  i n  t h e  
bands 1 t o  20 Hz and 10 to 200 Hz, r e s p e c t i v e l y .  

For  each y - l o c a t i o n  o f  t h e  X-wire p robe,  
t h e  u-. v- and t h e  a p p r o p r i a t e  r e f e r e n c e  s i g n a l  
were reco rded  d i g i t a l l y .  The pos t -p rocess ing  was 
s i m i l a r  t o  t h a t  done i n  Ref.  5 .  The n e g a t i v e  
peaks i n  t h e  r e f e r e n c e  s i g n a l s  were used as t r i g -  
ge rs  fo r  d a t a - s a m p l i n g .  A t h r e s h o l d  o f  20 was 
used to  d i s c r i m i n a t e  t h e  n e g a t i v e  peaks, u b e i n g  
t h e  s tandard  d e v i a t i o n  o f  t h e  r e s p e c t i v e  r e f e r e n c e  
s i g n a l .  Centered  around t h e  t r i g g e r s ,  sample func -  
t i o n s  c o n s i s t i n g  o f  37 d a t a  were accepted  for  t h e  
u- and t h e  v -s igna ls .  Ensemble ave rag ing  was pe r -  
formed assumlng a t r i p l e  decompos i t ion ,  

7 = F + fc  + fr, y i e l d i n g ,  
N 

<f> P <f> F + < f c > .  

F, fc, and fr a r e  t h e  t ime-average, t h e  "coher -  
e n t "  and t h e  " i n c o k e r e n t "  components o f  t h e  i n s t a n -  
taneous f u n c t i o n  f ,  r e s p e c t i v e l y .  

The d i s t r i b u t i o n s  o f  <u> and <v>  as a 
f u n c t i o n  o f  t i m e  (T) were o b t a i n e d  a t  d i f f e r e n t  
y .  
t i c i t y  was o b t a i n e d  i n v o k i n g  T a y l o r  h y p o t h e s i s : 5  

From these t h e  ensemble averaged spanwise vo r -  

< ~ z >  p (110.7 U,)(d<v>/dT) - d<u>/dy  

Note t h a t  <oz> i n c l u d e s  t h e  t ime-average c o n t r i -  
b u t i o n ,  and t h a t  t h e  c o n v e c t i o n  v e l o c i t y  used i n  
t h e  T a y l o r  hypo thes i s  i s  0 .7  U, wh ich  i s  a p p r o x i -  
m a t e l y  r e p r e s e n t a t i v e  of b o t h  t h e  cases a t  t h e  
measurement l o c a t i o n .  (Note  i n  F i g .  5 (b)  t h a t  t h e  
s lope  of t h e  phase cu rve  for a = 22.5O changes, 
a c c o u n t i n g  for a d i f f e r e n t  phase v e l o c i t y  a t  
x / c  = 1.75 compared t o  t h e  va lue  0.94 U, measured 
downstream.) <oZ> d i s t r i b u t i o n s ,  nond imens iona l -  
i z e d  by c/U,, for  t h e  two cases under cons ide ra -  
t i o n  a r e  shown i n  F i g .  l l ( a )  and ( b ) .  The 
absc i ssae  a r e  no rma l i zed  by t h e  r e s p e c t i v e  p e r i -  
ods.  The Karman-vor tex-s t ree t  t y p e  s t r u c t u r e  
appears i n  t h e  b l u f f - b o d y  shedding case. There 
a r e  c o n c e n t r a t i o n s  o f  v o r t i c i t y  o f  o p p o s i t e  s i g n  
on t h e  two s ides  o f  t h e  wake. Note t h a t  t h e  "shed- 
d i n g "  f requency  cor responds t o  h a l f  t h e  t o t a l  
number o f  v o r t i c e s  shed f r o m  t h e  a i r f o i l .  I n t e r -  
e s t i n g l y ,  i n  t h e  low f requency  case, excep t  for  an 
u n d u l a t i o n  w i t h  t ime ,  t h e  < w Z >  d i s t r i b u t i o n  i s  
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n o t  much d i f f e r e n t  f rom t h e  two l a y e r s  o f  t ime-  
average v o r t i c i t y  expected f r o m  t h e  U(y)  d i s t r i -  
b u t i o n  o f  F i g .  1 0 ( a ) .  The lower c o n c e n t r a t i o n  o f  
v o r t i c i t y  i n  t h i s  case i s  c o n s i s t e n t  w i t h  t h e  
amp l i t ude  da ta  o f  F i g .  6 ( b ) .  

4. D i s c u s s i o n  

The p resen t  paper documents d a t a  on an i n t e r -  
e s t i n g  phenomenon o f  low f requency  o s c i l l a t i o n  o f  
f l o w  over  an a i r f o i l  t h a t  i s  d i f f e r e n t  i n  many ways 
f rom t h e  r e l a t i v e l y  wel l -known b l u f f - b o d y  shedding. 
A s  s t a t e d  e a r l i e r ,  t h e r e  w e r e  p u z z l i n g  e f f e c t s  o f  
f r e e s t r e a m  t u r b u l e n c e  and a c o u s t i c  e x c i t a t i o n  on 
the  phenomenon which have remained un reso lved .  An 
a t tempt  was made t o  o b t a i n  an unders tand ing  o f  the  
unsteady f l o w - f i e l d  a s s o c i a t e d  w i t h  a t y p i c a l  case. 
The i n f e r e n c e s  c l e a r l y  drawn so f a r  a r e  as f o l l o w s :  
( 1 )  t h e  phenomenon i s  hydrodynamic and n o t  assoc i -  
a t e d  w i t h  a s tand ing  a c o u s t i c  mode, ( 2 )  i t s  o r i g i n  
l i e s  on the  upper su r face  o f  the  a i r f o i l  near  t h e  
l e a d i n g  edge r e g i o n  and i s  l i n k e d  t o  t h e  p e r i o d i c  
f o r m a t i o n  and breakdown o f  a l a r g e  s e p a r a t i o n  bub- 
b l e ,  and ( 3 )  t h e  f low f l u c t u a t i o n s  a r e  i n t e n s e  
ove r  the  a i r f o i l  b u t  decay r a p i d l y  w i t h  downstream 
d i s t a n c e .  

Commensurate w i t h  t h e  l a s t  i n f e r e n c e ,  t h e  vo r -  
t i c i t y  f l u c t u a t i o n ,  measured one cho rd  downstream 
o f  t h e  t r a i l i n g  edge, i s  f ound  t o  be smal l  com- 
pared t o  t h e  co r respond ing  d a t a  for  an example o f  
b lu f f -body  shedding. Whether t h e  (spanwise)  vo r -  
t i c i t y  c o n c e n t r a t i o n  for  t h e  low f requency  case i s  
a l s o  low near and ove r  t h e  a i r f o i l  i s  u n c l e a r  a t  
t h i  s t i  me. 

One o f  t h e  d i f f i c u l t i e s  i n  t h e  p r e s e n t  e x p e r i -  
ment, e s p e c i a l l y  i n  t h e  f low v i s u a l i z a t i o n ,  was 
t h e  v e r y  low f requency  i n v o l v e d  i n  t h e  phenome- 
non. The smoke-wire techn ique  employed had t y p i -  
c a l  smoke d u r a t i o n  o f  about  one h a l f  o f  a second. 
Thus, o n l y  about  t h r e e  p e r i o d s  o f  t h e  o s c i l l a t i o n  
were expec ted  t o  be cap tu red  i n  a sequence o f  t h e  
movies.  Th is  was aggravated  by t h e  f a c t  t h a t  t h e  
o s c i l l a t i o n  was n o t  e x a c t l y  p e r i o d i c  and i n v o l v e d  
f r e q u e n t  "d ropouts  ."  

The low f requency  f low o s c i l l a t i o n  has been 
observed t o  e x e r t  l a r g e  uns teady  f o r c e s  on t h e  a i r -  
f o i l .  Thus, t h e  phenomenon c o u l d  be cons ide red  as 
a p robab le  mechanism for  i n d u c i n g  s t a l l  f l u t t e r .  
F l u t t e r  o f  wings and b lades  i s  t h e  uns teady  mo t ion  
induced by aerodynamic i n s t a b i l i t i e s ;  when t h e  l a t -  
t e r  coup les  w i t h  s t r u c t u r a l  i n s t a b i l i t i e s  t h e  prob- 
l e m  i s  t h e  most s e r i o u s .  A s  f a r  as t h e  aerodynamic 
aspec t  o f  i t ,  a r e v i e w  o f  t h e  l i t e r a t u r e  suggests 
t h a t  s t a l l  f l u t t e r  has been t y p i c a l l y  a s s o c i a t e d  
w i t h  b l u f f - b o d y  shedding.6 However, t h e  f l u t t e r  
boundary da ta  for  a NACA 64-012 a i r f o i l ,  c i t e d  i n  
R e f .  6, on a c a r e f u l  examina t ion ,  i s  found t o  
ex tend ove r  t h e  S t rouha l  number (St,) range o f  
0.03 to  0 .16 .  Whi le  i t  i s  p o s s i b l e  t h a t  t h e  bound- 
a r y  c i t e d  i n  Ref .  6 c o u l d  be d i f f e r e n t  w i t h  o t h e r  
a i r f o i l s ,  i t  i s  i n t e r e s t i n g  t h a t  t he  above range 
ex tends  approx ima te l y  t o  t h e  low f requency  observed 
here  and te rm ina tes  somewhat s h o r t  o f  t h e  b l u f f -  
body shedding f requency .  

e a r l i e r  works which r e p o r t e d  low f requency  v i b r a -  
t i o n s  o f  a i r f o i l s  a t  S t rouha l  numbers c l o s e  t o  t h e  
p r e s e n t  o b s e r v a t i o n .  Fa r ren  (1935) '  p r i m a r i l y  
r e p o r t e d  l i f t  and drag  d a t a  on o s c i l l a t i n g  a i r -  
f o i l s ;  b u t  he a l s o  p resen ted  a s e t  o f  d a t a  for  a 

L i m i t e d  l i t e r a t u r e  search y i e l d e d  two o t h e r  

f i x e d  a i r f o i l  ( a t  a = 14O) i n  wh ich  t h e  l i f t  va r -  
i e d  p e r i o d i c a l l y  a t  a f requency  t h a t  a p p a r e n t l y  
corresponded t o  St,  = 0.02. Reference 8 r e p o r t e d  
r e s u l t s  on a c o u s t i c  e x c i t a t i o n  e f f e c t  on uns teady  
s t a l l ;  f r o m  normal f o r c e  f l u c t u a t i o n  s p e c t r a ,  
l a r g e  amp l i t ude  n a t u r a l  o s c i l l a t i o n s  were r e p o r t e d  
a t  around S t ,  = 0.05. 
complete l i t e r a t u r e  survey  and d i scuss  f u r t h e r  on 
r e l a t e d  e a r l i e r  o b s e r v a t i o n s  i n  an upcoming p u b l i -  
c a t i o n .  I t  i s  wo r th  men t ion ing  t h a t  low f requency  
o s c i l l a t i o n s  have a l s o  been observed i n  v a r i o u s  
o t h e r  f l o w s  i n v o l v i n g  s e p a r a t i o n .  These i n c l u d e  
t r a n s i t o r y  s t a l l  i n  d i f f u s e r s ,  f low beh ind  a s tep ,  
e t c . ;  Ref.  9 p r o v i d e s  a r e v i e w .  

The e v o l u t i o n  o f  t h e  spanwise v o r t i c i t y  i n  
the  low f requency  o s c i l l a t i o n  case i s  t o  be f u r -  
t h e r  exp lo red  i n  an upcoming exper iment .  A l s o  t o  
be addressed a r e  a h o s t  o f  o t h e r  q u e s t i o n s  t h a t  
a r i s e  a t  t h i s  p o i n t ,  i n c l u d i n g :  ( 1 )  can t h e  f l o w  
o s c i l l a t i o n  be made p e r i o d i c  by a r t i f i c i a l  e x c i t a -  
t i o n ?  A p e r i o d i c  mo t ion  would render  t h e  uns teady  
measurements (phase-averag ing)  enormously e a s i e r .  
( 2 )  How does t h e  amp l i t ude  and phase v a r y  i n  t h e  
spanwise ( z )  d i r e c t i o n ?  What i s  t h e  r o l e  o f  t h e  
t r a i l i n g - v o r t e x - l i k e  s t r u c t u r e  i n  t h e  phenomenon? 
(3) Does t h e  low f requency  o s c i l l a t i o n  t a k e  p l a c e  
w i t h  o t h e r  a i r f o i l s  o f  d i f f e r e n t  c r o s s - s e c t i o n a l  
shape and span? ( 4 )  What i s  t h e  r o l e  o f  p o s s i b l e  
s t r u c t u r a l  v i b r a t i o n s  i n  t h e  phenomenon? 

i n  v iew o f  a s i m i l a r  b u t  c o n t r o v e r s i a l  o b s e r v a t i o n  
i n  t h e  wake o f  a c i r c u l a r  c y l i n d e r .  S r ineevasan lo  
r e p o r t e d  exper imen ta l  o b s e r v a t i o n  o f  a v e l o c i t y  
s p e c t r a l  peak i n  the  c y l i n d e r  wake a t  a f requency  
" incommensurately" lower than  t h e  expec ted  
"S t rouha l  f requency . "  Peaks a t  b o t h  f r e q u e n c i e s  
toge the r  w i t h  seve ra l  o t h e r s  a t  t h e  sum and d i f f e r -  
ence f requenc ies  and t h e i r  harmon ics ,  appeared i n  
t h e  s p e c t r a .  Wi th  i n c r e a s i n g  Reynolds number, a 
sequence o f  t r a n s f o r m a t i o n  t o o k  p l a c e  f r o m  "o rde r -  
1 i ness "  t o  "chaos" and t h e  re-emergence o f  "o rde r -  
l i n e s s , "  w i t h i n  t h e  Re-range o f  35 t o  170 covered 
i n  t h e  exper iment .  Sr ineevasan cons ide red  these 
sequences as a p r e c u r s o r  t o  t r a n s i t i o n ,  from t h e  
p e r s p e c t i v e  o f  a n o n l i n e a r  dynamical  system. 
I n t e r e s t i n g l y ,  t h e  f requency  of t h e  secondary spec- 
t r a l  component was o f t e n  an o r d e r  o f  magnitude 
lower  than t h e  S t rouha l  f requency ,  a k i n  t o  t h e  
o b s e r v a t i o n  i n  t h e  p r e s e n t  a i r f o i l  s t u d y .  How- 
ever ,  Van A t t a  and G h a r i b l l  i n  a subsequent e x p e r i -  
ment, s i m i l a r  t o  t h a t  o f , l O  t r a c e d  t h e  o r i g i n  o f  
t h e  lower f requenc ies  t o  c y l i n d e r  v i b r a t i o n .  They 
observed t h a t ,  depending on t h e  f low and t h e  c y l i n -  
de r  ( w i r e )  t e n s i o n ,  t h e  s p e c t r a  con ta ined  peaks a t  
t h e  main S t rouha l  f requency  and a t  a c e r t a i n  
(super )harmon ic  o f  t h e  fundamental  v i b r a t i o n  f r e -  
quency, t h e  d i f f e r e n c e  between t h e  two corresponded 
t o  t h e  lower  f requency  peak. However, t he  p r e s e n t  
a u t h o r s '  impress ion  i s  t h a t  t h e  m a t t e r  i s  n o t  com- 
p l e t e l y  r e s o l v e d  y e t ,  as Sr ineevasan ( p r i v a t e  com- 
m u n i c a t i o n ) ,  based on a repea ted  exper imen t ,  
b e l i e v e s  t h a t  c y l i n d e r  v i b r a t i o n  i s  n o t  a neces- 
sa ry  c o n d i t i o n  for  t h e  g e n e r a t i o n  o f  t h e  lower f r e -  
quency components. 

The q u e s t i o n  n a t u r a l l y  a r i s e s  i f  a i r f o i l  
v i b r a t i o n  i n  o u r  exper iment  r e s u l t e d  i n  the  low 
f requency  o s c i l l a t i o n .  A s  ment ioned e a r l i e r ,  
t h e r e  was p e r c e p t i b l e  v i b r a t i o n  o f  t h e  a i r f o i l ,  
and i t  would be imposs ib le  i n  p r a c t i c e  t o  com- 
p l e t e l y  r e s t r a i n  t h e  a i r f o i l .  V i b r a t i o n  i s  t o  be 
probed f u r t h e r ,  b u t  t h e  f o l l o w i n g  shou ld  i n d i c a t e  

We expec t  t o  c a r r y  o u t  a 

The l a s t  p o i n t  has become s p e c i a l l y  c r u c i a l  
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t h a t  t h e  a i r f o i l  v i b r a t i o n  was a r e s u l t  o f  t h e  
uns teady  f l o w  f l u c t u a t i o n s  and n o t  t h e  v i c e  ve rsa .  
( 1 )  When the  low f requency  occu r red ,  t h e r e  was 
o n l y  one s p e c t r a l  peak a t  t h e  co r respond ing  f r e -  
quency. Note t h a t  t h e  b a s i s  f o r  t h e  e x p l a n a t i o n  
i n  Ref.  1 1  was t h e  f a c t  t h a t  t h e  low f requency  was 
t h e  d i f f e r e n c e  between t h e  S t rouha l  f requency and 
a (super )harmon ic  o f  t h e  c y l i n d e r  v i b r a t i o n  f r e -  
quency, s p e c t r a l  peaks appear ing  c l e a r l y  a t  a l l  
t h r e e .  ( 2 )  The same low f requency  o c c u r r e d  i n  two 
d i f f e r e n t  wind t u n n e l s  i n v o l v i n g  a f a c t o r  o f  two 
d i f f e r e n c e  i n  t h e  a i r f o i l  aspec t  r a t i o .  The v i b r a -  
t i o n a l  c h a r a c t e r i s t i c s  c o u l d  be expec ted  t o  be d i f -  
f e r e n t  i n  the  two exper iments .  ( 3 )  The o s c i l l a t i o n  
appeared o r  d isappeared i n  t h e  o t h e r w i s e  same flow 
and s t r u c t u r a l  env i ronment  depending on t h e  f r e e -  
s t ream tu rbu lence  o r  a h i g h  f requency  a c o u s t i c  
e xc i t a t  i on. 

A f u r t h e r  i n d i c a t i o n  t h a t  t h e  o r i g i n  o f  t h e  
low f requency  shedding l i e s  i n  t h e  " s e n s i t i v i t y "  
o f  t h e  s e p a r a t i o n  bubb le  comes from a numer i ca l  
s tudy .  Rumsey,12 i n  comput ing t h e  uns teady  f low 
o v e r  a i r f o i l s ,  has encountered  a r a t h e r  s t r i k i n g l y  
s i m i l a r  r e s u l t  as i n  t h e  p resen t  exper iment .  A 
two-dimensional  a l g o r i t h m  based on t h e  " t h i n - l a y e r "  
f o r m  o f  the  compress ib le  Nav ie r -S tokes  e q u a t i o n  
y i e l d e d  a low f requency  f l u c t u a t i o n  i n  t h e  flow- 
f i e l d  o f  a NACA-0012 a i r f o i l .  The computa t ion  ca r -  
r i e d  o u t  for  a = 18O showed t h a t  i f  t h e  boundary 
l a y e r  on t h e  a i r f o i l  s u r f a c e  was assumed l a m i n a r ,  
t h e  shedding S t rouha l  number was 0.155, b u t  i f  i t  
was assumed t u r b u l e n t  t h e  shedding S t rouha l  number 
dropped t o  0.03. The uns teady  f o r c e s  on t h e  a i r -  
f o i l ,  as man i fes ted  by a v a r i a t i o n  i n  t h e  l i f t  
c o e f f i c i e n t ,  were found t o  be much l a r g e r  i n  t h e  
low f requency  case than a t  t h e  h i g h e r  one. How- 
eve r ,  a s i m i l a r  computa t ion  f o r  flow over  a c y l i n -  
der  by Townsend e t  a1 . l 3  i n d i c a t e d  t h a t  apparent  
low f requency  o s c i l l a t i o n  can r e s u l t  due t o  r e f l e c -  
t i o n s  from t h e  compu ta t i ona l  domain boundary.  B u t  
t h i s  i s  u n l i k e l y  t o  be a p rob lem i n I 2  as n o n r e f l e c -  
t i v e  boundary c o n d i t i o n s  were ensured (Rumsey, p r i -  
v a t e  communicat ion).  The l a t t e r  n o t i o n  i s  f u r t h e r  
suppor ted  by t h e  f a c t  t h a t  i n  t h e  same computa- 
t i o n a l  domain, t h e  low f requency  o s c i l l a t i o n  
appeared when t h e  boundary l a y e r  was assumed t u r b u -  
l e n t  and d i d  n o t  when i t  was assumed lam ina r .  A t  
t h i s  po in t ,  i t  i s  n o t  c l e a r  whether t h e  phenomena 
observed e x p e r i m e n t a l l y  by us and c o m p u t a t i o n a l l y  
by Rumsey a r e  t h e  same, b u t  we hope t h a t  a j o i n t  
e f f o r t ,  c u r r e n t l y  under way, shou ld  p r o v i d e  some 
answers i n  t h e  near  f u t u r e .  
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FIGURE 1. - SCHEMATIC OF EXPERIMENTAL SETUP. INSETS ARE FIL- 
TERED E-SIGNALS FROM THE REFERENCE PROBES AT INDICATED 
ANGLES OF ATTACK (a); RECORD LENGTHS ARE 732 MS AND 112 MS 

FOR PROBES 1 AND 2. RESPECTIVELY. 
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FIGURE 2. - u'-SPECTRA MEASURED AT X/C = 1 - 7 5 ,  
z = 0. AND Y/C = 0.1. SPECTRA TRACES ARE 
STAGGERED SUCCESSIVELY BY ONE ORDINATE D I V I -  
SION AND ARE FOR INDICATED a. 5 R, = 10 , 
U&/U, = 0.4 %. 
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FIGURE 3. - U'-SPECTRA, MEASURED AT X/C = 1.75, 
z = 0, AND Y/C = 0.1. AT a = is0 AND R, = 105. 
(A) U&/U, = 0.1 %; ( B )  U&/U, = 0.1 % WITH 
ACOUSTIC EXCITATION AT 2540 Hz; (C) u&,/U, 
= 0.4 %. 
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FIGURE 4. - VARIATION OF BAND PASSED (Af = 0.25 H z )  RMS 

I,C/U, 

VELOCITY FLUCTUATION, AT 7.5 Hz, WITH EXCITATION 
STROUHAL NUMBER. MEASUREMENT AT x/c = 1.75, z = 0. 
AND Y/C = 0.1. 
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FIGURE 6.  - (A) u{/U, VERSUS Y/c MEASURED AT z = 0 AND 
(B) CORRE- X/C = 1.75 FOR THE TWO CASES OF FIGURE 5. 

SPONDING PHASE VARIATION. 
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Y/C 

FIGURE 7. - ( A )  q/u, VERSUS Y/C FOR a = is0 CASE. 
DASHED L I N E ,  MEASUREMENT AT x/c = 0.15 (I . E . ,  AT 
0.4 C FROM LEADING EDGE): SOLID L I N E ,  REPLOTTED 
FROM FIGURE 6 ( A ) .  (B) CORRESPONDING PHASE 
VARIATION. 
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FIGURE 8. - FLOW V I S U A L I Z A T I O N  PICTURES (FROM 
MOVIE SEQUENCE) USING HORIZONTAL SMOKE WIRE 

AN OSCILLATION AT 5.5 Hz. SMOKE WIRE AP- 
FOR a = 150 CASE. R, = 7 . 5 ~ 1 0 ~  YIELDING 

PROXIMATELY 5 CM UPSTREAM OF LEADING EDGE. 
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ORIGINAL pA%E rs 
OF POOR QUALITY 

FIGURE 9. - FLOW VISUALIZATION PICTURES FOR SAME FLOW AS IN FIGURE 8 FROM DIFFERENT CAMERA ANt iL t  
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FIGURE 10. - (A) LONGITUDINAL MEAN VELOCITY PROFILES AT 

(B) CORRESPONDING LONGITUDINAL TURBULENCE INTENSITY 
PROFILES. (C) TRANSVERSE TURBULENCE INTENSITY 
PROF1 LES . 

X/C = 1.75 AND z = 0. R, = 105 AND UAIU, = 0.4 r x .  
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FIGURE 11. - CONDITIONALLY AVERAGED SPANWISE VORTICITY 

oz IS NONDIMENSIONALIZED BY CIU,. R, = 105 AND 
u&,/U, = 0.4 X. 
CILLATION. 
TION. ABSCISSA (TIME) IS NORKALIZED BY RESPECTIVE 
PERIODS. CONTOUR LEVELS ARE AT INCREMENTS OF 0.3. 
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(B) a = 22.5' YIELDING 49-Hz OSCILLA- 
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Wind tunnel  measurements were c a r r i e d  o u t  w i t h  a two-dimensional 
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I t  could a l s o  be produced by c e r t a i n  h igh  frequency acous- 
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